Quantitative description of the high-capacity channels in unconsolidated sandstone reservoirs, into which water was injected to improve oil recovery, is a hot topic in the fi eld of reservoir development. This paper presents a novel approach to describing quantitatively the characteristics of connected macropores in unconsolidated sandstone reservoirs using in situ production data. Based on physical simulation for formation mechanisms of high capacity channels and interwell tracer test data, a mathematical model was established to describe high-capacity channels by grey correlation theory, fl ow mechanism of fl uid in porous media and reservoir engineering, and a program was developed to describe quantitatively the channel characteristics. The predicted results were consistent with fi eld monitoring data (80%), so this model could be economically and effectively used to identify high-capacity channels.
characteristics of high-capacity channels in unconsolidated sandstone reservoirs using in situ production data. Based on physical simulation for the formation mechanisms of high-capacity channels and interwell tracer test data, a mathematical model is established to describe parameters of these channels.
Formation mechanisms of high-capacity channels in the Guantao Formation

Reservoir characteristics
The Guantao Formation in the Gudong Oilfi eld, China is an unconsolidated sandstone reservoir with high permeability, which is dominated by fluvial sandstone facies. In this conventional heavy oil reservoir, water fl ooding was used to improve oil recovery. It was put into all-around production in 1986, and the cumulative oil production has reached about 7.39×10 7 t, and the annual oil production decreased to 2.0×10 6 t. The reservoir depth of the Guantao Formation ranges from 1,300 m to 1,400 m and the effective pay thickness is 6-10 m. The average porosity and air permeability are 33% and 1.52 μm 2 , respectively. The horizontal to vertical permeability ratio Quantitative description of characteristics of high-capacity channels in unconsolidated sandstone reservoirs using in situ production data
Introduction
High-capacity channels are secondary high-permeability bands formed by long-term erosion by water injected into unconsolidated sandstone reservoirs. These channels are easily formed in water controlled reservoirs, resulting in low waterflood efficiency and poor development performance (Fung, 1996; Hu et al, 2009; Khilar and Fogler, 1998; Wang, 2006) . Quantitative description of high-capacity channels in unconsolidated sandstone reservoirs in which the oil was recovered by water flooding is a hot topic in the field of reservoir development. Seven description techniques; field observation, well logging, well testing, dynamic analysis, interwell monitoring with the potential method, physical simulation, and interwell tracer tests have been used to describe these channels (Alabert and Modot, 1992; Almeida and Cotta, 1996; Anisimov et al, 2009; Brigham and Delhganl, 1987; Liu, 2008; Lv et al, 2005; Seright and Lee, 1999; Zhang et al, 2001; Zhao et al, 1994) . This paper proposes a novel approach to describing quantitatively the is 5.0. The pore spaces in the reservoir are mainly connected macro-pores and pore throats with a radius of 1-6 μm. The median grain diameter is about 0.12 mm, indicating moderate sorting.
The reservoir is mainly dominated by fi ne silty sandstone, with a small amount of cementing material (including shale and contact cement). The content of clay materials is 9.4%, in which the montmorillonite and illite, which are easy to swell when encountering water, account for 62%. The reservoir is water-wet, water-sensitive, salt-sensitive, weak acid-sensitive, and alkali-sensitive. The viscosity of crude oil under standard conditions is 450-3,000 mPa·s, while it reduces to 50-130 mPa·s under the reservoir conditions. In addition, the viscosity of formation water is about 0.44 mPa·s. Owing to low natural energy, water is injected into the reservoir to maintain the reservoir pressure.
During the development of the Guantao Formation, sand production has become one of the serious operational problems in a large number of production wells, with a high sand production rate and large grain size. Sand wells account for 82% of all the oil producing wells, and 5 m 3 of sand was removed from a single well. According to the sand cleanout data from the gathering tanks, the sand production rate increased from 2.8 m 3 to 59.6 m 3 per 10 4 tons of oil. Moreover, the sand diameter increased from 0.13 mm to 0.16 mm. The well test results of the Gudong 2-13-47 well showed that the proportion of produced load bearing solids increased significantly and the formation structure was severely damaged when the fl uid-production intensity exceeded 14.1 t/(d·m). It was also found that casing damage occurred in 386 wells and at the same time cross fl ow was very severe along the high-permeability formations, leading to low waterfl ood effi ciency.
High-capacity channels monitored with interwell tracer tests
Interwell tracer monitoring is a technique in which tracer is added to an injection well to determine the fluid paths, thus the high-capacity channels can be identifi ed or detected (Brigham and Delhganl, 1987; Deng and Horne, 1995) . The tracer performance sheds light on the heterogeneity features of oil-bearing formation and the distribution of injection fluid in the formation. Interwell tracer tests can be used to determine the characteristics of the oil-bearing formation and the relationship between production and injection wells on a large scale. It is taken as an important means to characterize the high-capacity channels (Anisimov et al, 2009; DattaGupta et al, 2007; Walkup Jr and Horne, 1985) . Tracer radioisotopes can be measured and recorded automatically at the well-head in routine production without needing any separate water sampling. Hence, this technology is widely used to detect connected macro pores between producer and injector. For example, connected macro pores and pore throats exist in well group 7-32-266 in the Gudong Oilfi eld, China. Thirtyone well groups were monitored with the interwell isotopic tritiated water tracer method in the Guantao Formation. The permeability from well logging data ranged from 0.44 to 6.39 μm 2 , with an average of 1.58 μm 2 . The thickness of oilbearing formation into which water was injected was 6.2-30.2 m, with an average of 15.7 m. The injection-production well spacing was 170-490 m, with an average of 266 m. The production thickness in a single well was 4.7-29 m, with an average of 11.3 m. Of all the 170 oil production wells, there were 59 wells where the tracers were detected (Table 1) . Of the tracerdetected wells, high-capacity channels were detected in the same layer among (or around) 51 wells, accounting for 86%; and interlayer cross flow was detected in the remaining 8 wells, accounting for 14%. The flow rate was 1.0-64.7 m/ h, while the fl ow rate along the high-capacity channels was generally more than 6 m/h.
The average flow rates in the Guantao Formation were 1.08, 1.58, and 6.02 m/h, respectively in the initial stage, middle stage, and present stage of water injection development. The average fl ow rate at the present stage was 5 times higher than that in the initial stage (Table 2 ).
Study of high-capacity channel formation
Physical simulation was conducted in a sand pack model to study the formation mechanisms of high-capacity channels (Liu, 2008; Lv et al, 2005) . Research results showed that the formation of high-capacity channels, which was closely related to sedimentary characteristics, reservoir physical properties, and development methods, were mainly due to the high viscosity of fluids, high permeability of reservoir, and sand production. The factors dominating the formation of connected macro pores are reservoir permeability, cementing strength, liquid viscosity, and injection-production intensity (Liu et al, 2003) . Sand production in oil formations and particle migration, leading to a signifi cant change in reservoir porosity, permeability, and shale content, are the major causes for high-capacity channel formation.
Flow characteristics of fluids in high-capacity channels were drawn from laboratory experiments: 1) Characteristics of liquid production. Before highcapacity channels were formed, the liquid production was kept at a stable level; but the liquid production increased greatly after channel formation.
2) Characteristics of liquid productivity index. Before high-capacity channels were formed, the liquid productivity index changed slightly; but the liquid productivity index increased signifi cantly after channel formation.
3) Characteristics of water injection. Before highcapacity channels were formed, the water injection rate was held constant, but its value increased greatly after channel formation.
4) Characteristics of water injectivity index. Before high-capacity channels were formed, water injectivity index changed slightly, but after high-capacity channel formation, water injectivity index increased greatly.
Both the liquid productivity index and water injectivity index refl ect the variation in reservoir permeability.
The conclusion drawn from laboratory experiments is consistent with the field data (low reservoir pressure, low threshold pressure, high water injectivity index, and strong water absorption capacity of high-capacity reservoirs). 
Approach of quantitative description for high-capacity channels
Based on laboratory experiment and the interwell isotopic tracer tests, we proposed an approach to describing quantitatively the characteristics of high-capacity channels using in situ production data.
High-capacity channel identification with grey correlation theory
In the course of high permeability, unconsolidated sandstone reservoir development, the correlation of injection and production wells was rapid pressure response. Especially after the high-capacity channels were formed, the connectivity between production and injection wells was greatly enhanced and the pressure response time between production and injection wells became much shorter (Brigham and Delhganl, 1987; Datta-Gupta et al, 2007) . The connectivity between production and injection wells could be estimated by calculating the correlation between liquid productivity index and water injectivity index (Alabert and Modot, 1992; Yousef et al, 2005) and then the high-capacity channels identifi ed by means of grey correlation theory.
Grey correlation analysis is an approach to searching for the main correlations of all factors in the system and selecting the important factor that infl uences the target value (Deng, 1987) . Quantitative description and comparison for the development and variation trends of the system is the foundation of analysis, prediction and decision of the grey system. It includes the selection of mother-series and subseries, the calculations of the degree of correlation, correlation order and correlation matrix. Through grey correlation analysis, we can carry out the correlation calculation of the liquid production of one well and the surrounding wells to obtain quantitative corresponding correlation so as to help us judge. For example, we can take grey correlation degree of more than 0.5 as a sign of the existence of substantial highcapacity channels between injecion and production wells. The pseudo water injectivity index is the ratio of daily waterinjection rate to surface pressure. The pseudo water injectivity Pet.Sci.(2010) At present, the fl ow rate of fl uids in the porous medium was more than 6 m/h and the permeability was about 20 μm 2 . In general, the thickness of the layer containing highcapacity channels (obtained by means of core observation) was only several centimeters, accounting for 1%-8% of the thickness of the formation into which water was injected, but the water adsorption accounted for over 90%. Based on the classifi cation criteria for high-capacity channels proposed by Li and Chen (2002) , the high-capacity channels existed in 
Conclusions
Aiming at the diffi cult problem of quantitative description for high-capacity channels in unconsolidated sandstone reservoirs, this paper proposes a novel approach to describing quantitatively high-capacity channels in unconsolidated sandstone reservoirs developed by water flooding using in situ production data. Based on physical simulation for highcapacity channel formation mechanism and interwell tracer monitoring data, a mathematical model was established to describe parameters of high-capacity c:hannels through grey correlation theory, flow mechanisms in porous media and reservoir engineering. After this method was applied in the Gudong Oilfield, it is verified that the coincidence rate was over 80% and it has achieved high-capacity channel identifi cation economically and effectively to lay foundation for enhanced oil recovery.
